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In this article we study the electroluminescence of p-i-n diode structures with Ge dots consisting
of coherent three-dimensional small ~pyramids! and larger ~dome! islands. The Ge dots are formed
through strain-induced islanding. The diode structures, including one layer with Ge dots, were
deposited on Si mesas with variable areas in order to study the influence of limited area deposition
on self-assembling. It was observed that the reduction of deposited area improves island uniformity.
The combined analysis of island distribution and electroluminescence spectra has lead to the
conclusion that domes in small diodes have a smaller Si content or are less relaxed than domes in
larger diodes. The diodes are found to emit up to room temperature near the optical communication
wavelength of 1.3 microns. © 2000 American Institute of Physics. @S0021-8979~00!04610-7#I. INTRODUCTION
For low-cost components in the fiber-optic communica-
tion wavelength, silicon-based materials are of great interest
due to the possibility of their integration with Si technology.1
To overcome the problem of the indirect character of SiGe,
one is looking for ways of increasing radiative recombina-
tion and reducing nonradiative recombination. One possible
approach involves the spatial localization of the injected car-
riers in three-dimensional ~3D! islands. The variation in is-
land size leads to a broadening of spectral emission peaks,
therefore, the success of this approach relies on the possibil-
ity to control the size, shape, and uniformity of self-
assembled islands.
Light emitting diodes with SiGe islands were first real-
ized in 1995.2 The emission was near l51.3 mm and per-
sisted up to 200 K. Since then, emission was improved by
more than 100 times using structures with nominal pure
Ge.3,4 This was due to the increased valence band offset of
the Ge/Si heterostructure. The size distribution and the num-
ber of island layers was varied and it was found that all these
diodes emit up to 300 K in the range of 1.3–1.4 mm. Simu-
lations performed on diodes with thick SiGe layers revealed,
in addition, the influence of the interface layer on emission
intensity.5 The highest emission of diodes with islands
achieved so far is from a structure with ten stacked layers
with islands.3,4 However, by stacking the island layers the
size and shape of islands changes.6–8 The influence of this
effect on the electroluminescence is not yet known. Even the
influence of the island distribution on the electrolumines-
cence of a single layer is not well known.
The purpose of this article is to analyze the electrolumi-
nescence ~EL! of single-island-layer p-i-n diodes. An essen-
tial parameter is the diode area as the growth of the whole
structure was performed under conditions of selective epitax-
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the nucleation of islands on Si~001! is influenced by the pres-
ence of other crystallographic planes.9,10 If the mesa size is
of the order of the diffusion length of Ge adatoms and if the
total coverage is kept below a certain value, then islands
nucleate only along mesa edges on $1 0 12% facets without
nucleation on the ~001! plane. A surface diffusion length of
Ge of the order of 100 mm at 700 °C was evaluated.
The present investigation was performed with a cover-
age high enough to induce nucleation also on the ~001! plane
of the mesas. The deposition on limited areas with sizes of
the order of the diffusion length was observed to change the
size distribution. A narrowing of the size distribution occurs
when the area is reduced from a large area ~1 cm2! down to
squares of 50 mm size. The analysis of electroluminescence
spectra revealed the influence of the mesa area on the micro-
structure of islands. It was found that single diodes as well as
arrays emit up to room temperature, the highest intensity
being detected from small area diodes. Experimental details
are presented in Sec. II, the diode structure is discussed in
Sec. III, a review of our own results on 3D island distribution
is presented in Sec. IV, and the electroluminescence data are
presented and analyzed in Sec. V.
II. EXPERIMENTAL DETAILS
The epitaxy was performed in a low pressure chemical
vapor deposition system ~LPCVD! at 0.12 Torr.7 Source
gases are SiCl2H2 and GeH4 ~10% in He! while H2 is used as
a carrier gas. Doping gases are B2H6 ~20 ppm in H2! and
PH3 ~100 ppm in H2!. The deposition was performed on n1
Si~001! substrates ~doping concentration 1019 cm23! with
300 nm thermal oxide patterned with square holes with sizes
from 4 mm up to 1 mm. Before epitaxy the wafers were
cleaned by RCA cleaning, while the protective 2 nm oxide
was removed in situ at 950 °C for 10 min under H2 flow. The
epitaxial growth is selective and the growth rate and Ge con-
tent of Si12xGex on Si ~001! do not depend on mesa size
down to 0.5–1 mm.11 This implies that independent of mesa
area, all diode structures analyzed here have the same layer5 © 2000 American Institute of Physics
 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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were determined by Rutherford backscattering spectrometry
and secondary ion mass spectrometry.
Table I shows the layer sequence. The p-i-n diodes con-
tain an ‘‘i’’ region with an average n-type doping of 5
31017 cm23. The growth parameters for the Ge islands
were: pGeH45531024 Torr for a flow rate of GeH4 of 10
sccm, average growth rate 2.6 nm/min, and deposition time
30 s. This resulted in an average layer thickness for Ge of 1.3
nm ~approximately 9 ML!. After the Ge deposition an 1 min
annealing at 700 °C followed, before capping. The SiGe
spacer and the p1SiGe layer contain 2% Ge. Adding 2% Ge
increases the growth rate approximately 2 times and thus
significantly decreases deposition time and intermixing of Ge
from the islands and Si.
The surface topography was investigated with a Digital
Instruments Nanoscope IIIa atomic force microscope ~AFM!
in tapping mode and with a scanning electron microscope
FIG. 1. SEM pictures showing the mesa diodes. Tilt angle 60°. ~a! array of
100 diodes, each diode with an area of 24324 mm2 and ~b! enlarged picture
of one diode.
TABLE I. Layer sequence of the LPCVD grown island diodes ~No. 1445!.
Layer
Deposition
temperature
/°C
Thickness
/nm
Doping
/cm23
Nominal
Ge content
n1 n1 Si buffer 800 20 131018 0
i 5
n-Si buffer
n-Si buffer
Ge layer
n-SiGe spacer
800 280 631017 0
700 5 631017 0
700 1.3 ? 1
700 28 431017 0.02
p1 p1 SiGe 700 122 231019 0.02
p1 Si 700 4 231019 0Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to~SEM!. Cross-sectional transmission electron microscopy
~XTEM! was performed using a Philips CM200 microscope
at 200 KV. The XTEM samples were prepared by tripod
polishing followed by brief ion milling. The EL was mea-
sured with a Fourier transform spectrometer equipped with a
cooled Ge detector with the diodes fixed in a He cryostat.
III. DIODE CHARACTERISTICS
Figure 1~a! displays a scanning electron micrograph of
an array of 100 diodes of 24 mm square mesas connected in
parallel and Fig. 1~b! shows an enlarged picture of one mesa.
The diodes have a front emitting structure with an ohmic
contact of evaporated Al/Au. Usually an annealing at 350 °C
for 5 min is performed to achieve an ohmic front contact.
The back contact was Ga–In. All diodes in Fig. 1 are con-
nected in parallel.
The band diagram of the diode was calculated with the
SIMWIN program ~Stanford University! using the data for
layer thickness and doping levels from Rutherford back-
scattering spectrometry and secondary ion mass spectrom-
etry ~see also Table I!. The island was simulated by a quan-
tum well with a thickness of 25 nm ~typical height of islands!
and a relaxed band gap with 85% Ge. Figure 2 shows a
simulation for zero bias and one for V f50.86 V. Figure 2~b!
shows that biasing the diode in forward, holes are expected
to be captured in islands and therefore to recombine in a
certain proportion radiatively.
FIG. 2. Simulated band diagram of a diode: ~a! at zero bias and ~b! forward
bias. A thickness of 25 nm for the dots and a concentration of 15% Si in the
dots was assumed. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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K for single diodes with square areas of dimension L are
shown in Fig. 3~a!. Above ;0.7 V the contact resistance
limits the current. At lower voltages the current scales, not as
expected, with the diode area, but a dependence I;La with
1,a,2 is observed. If the current would scale with L2, then
for instance, for a diode with L550 mm the current should
have been 1029 A at 0.25 V and 2.1026 A at 0.5 V ~see
dotted line!. The a,2 behavior implies either a leakage cur-
rent at the periphery of the diode or, what we believe in our
case, a higher current density through the mesa facets than
across the bulk region @see inset of Fig. 3~b!#. The thickness
of all layers in the facet region are thinner than along the
@001# direction. In an earlier study we have demonstrated
that the growth rate of the facets is 0.5–0.7 times lower than
the growth rate along @001# directions.12 Thereby we have
simulated the j – V characteristics ~j-current density! and we
found that the spacer thickness ~the layer between the island
layer and the p1 contact, see Table I! is a critical parameter.
Figure 3~b! shows a curve corresponding to a spacer of 28
nm, which should correspond to the current flow across the
~001! part of the mesa. For the current density across the
facet region we took half this value ~all other parameters
were the same! and the extension of the facet was assumed to
FIG. 3. Current–voltage characteristics. ~a! a set of curves from single mesa
diodes with different areas measured at 300 K. The dotted line shows where
the I – V curve for the 50350 mm2 diode should be if there would have been
a L2 dependence. ~b! simulated curves based on the doping and thickness
data of Table I. The thickness of the n-SiGe spacer was varied.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject tobe 0.3 mm. We see that at lower voltages j through facets is
approximately 100 times higher than j through the ~001! part.
With this value it is possible to explain the deviation of the
scale dependence of the current from a52 to a,2. This
calculation also shows that in order to avoid higher currents
through facets, a spacer thicker than 56 nm along the @001#
direction should be chosen.
At low voltage the ideality factor is ;2, implying re-
combination on deep centers in the field region. As the bar-
rier shrinks with forward voltage, recombination in the neu-
tral ‘‘i’’ region becomes more important. The ideality factor
tends to ;1.25 indicating medium recombination with com-
parable recombination times.13
IV. 3D ISLAND GROWTH DETAILS
Before discussing the results on electroluminescence of
Ge islands it is meaningful to summarize some of our results
on self-assembled growth of Ge. The variation of island size
leads to a broadening of the spectral emission peaks,14–16
therefore, understanding of the parameters responsible for
the size distribution is important. Nucleation of 3D islands is
the result of a transition in growth mode of a layer when the
strain energy exceeds a certain value during growth.17 Dur-
ing and after this transition the surface migration phenom-
enon plays an important role. The general observation is that
island distribution and island density depend on growth pa-
rameters such as temperature, total coverage, growth rate and
time, chemical species, faceted substrates, etc.8–10,14–24 All
of these parameters influence the surface migration and im-
plicitly the island formation.
Recently, Goryll et al. examined the influence of growth
rate on the island size distribution for uncapped islands and
for coverage of ;0.9 nm, low enough to avoid plastic relax-
ation of islands.16 AFM topography revealed two types of
islands for a growth rate higher than 0.4 nm/min, in agree-
ment with the literature.21,23 Small islands ~pyramidal
cluster17 with $105% facets! of high density coexist with me-
dium sized islands ~multifaceted islands called domes18! of
lower density ~see sample No. 1377 in Table II!. By AFM,
two distinct distributions in height ~centerd at 4.5 and 15 nm,
respectively! and one broad distribution in diameter ~cen-
tered approximately at 60 and 90 nm! were observed. The
transition from a bimodal to a monomodal distribution, ob-
served by AFM but also by photoluminescence of capped
samples16 at constant Ge coverage, occurred when the
growth rate was decreased.
In the present study, the growth of Ge was performed
with a relatively high growth rate ~2.6 nm/min50.3 ML/s!,
therefore bimodality was expected on a large area.16 Beside
the growth rate, the annealing and/or deposition time influ-
ences the island shape and shape transition.22,23 This is sum-
marized in Table II. For a deposition time of 18 s ~No. 1377!
pyramids and domes coexist and there are five times more
pyramids than domes. Annealing leads to an increase of the
size of domes and pyramids ~No. 1490! and therefore a
strong reduction of their density. By increasing the coverage
from 0.9 to 1.3 nm the density of domes increases, while the
density of pyramids decreases. During annealing, Ge ada- AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Downloaded 15 DTABLE II. Influence of deposition and annealing time on island distribution on large areas; r-density of islands,
D-diameter, H-height, D-domes, P-pyramids.
No.
Dep.
time/s
Anneal.
time/s
Coverage
/nm
rD
/mm22
rP
/mm22
DD
/nm
DP
/nm
HD
/nm
HP
/nm
1377 18 0 0.8 5 27 90 60 15 4.5
1490 18 42 0.8 3 7 130–170 60–130 23 10
1554 30 0 1.3 20 3 120 50–80 24 4
1608 30 60 1.2 6 0.4 100–230 60–90 15–48 1–3toms have time to diffuse to the more stable domes, increas-
ing their size and reducing the total island density ~No.
1608!.
The size distribution of islands which corresponds to the
p-i-n diodes was evaluated on the uncapped sample No.
1608, grown with the same growth rate and time as the diode
sample ~see Table II, III!, and Fig. 4!. Table III shows that all
mesas have a bimodal distribution with a total density of
;10 mm22 and with only 10% pyramids. An interesting re-
sult is that the reduction of the deposited area has a beneficial
effect on size distribution. This becomes much narrower,
both in diameter and height. This is clearly demonstrated in
Fig. 4 where AFM scans and histograms for large area and
50350 mm2 mesas are compared. While on large areas the
diameter and height distributions are broad, on the 50350
mm2 mesas the distributions are much narrower. For instance
big islands of height 31–48 nm and diameter 180–230 nm
seen on large areas, do not form on the small mesas. To
conclude, the 50350 mm2 mesas have a higher dome den-
sity, smaller dome sizes, and a better uniformity than the
large areas. In addition, Table III shows that there is not
much difference in the size distribution between the 500
3500 and 50350 mm2 diodes. This can be explained by the
fact that all these mesas are of the order of magnitude of the
diffusion length of 100 mm and that most of the deposited
atoms nucleate on the ~001! plane, the number of Ge islands
nucleated on the facets being 20 times lower.
To realize diodes, capping is necessary. However, the
capping is known to change the island shape.6 However, it
seems that the density of islands and the bimodality ~if exis-
tent! are preserved during capping. Figure 5 shows a TEM of
the diode structure performed on an unpatterned area. All
islands are dislocation free and the surface morphology is flat
~at least at this magnification!, which indicates that after de-
positing the Ge islands and during the growth of the
Si0.98Ge0.02 layers, the Si atoms are preferentially incorpo-
rated between the islands, where the lattice parameter isec 2006 to 134.94.122.39. Redistribution subject tonearer to that of bulk silicon, leading to a planarized surface,
as discussed in the literature.7,25–27 To summarize, all mesa
diodes have a dome density of 10 mm22 and a pyramid den-
sity of 0.4–1.2 mm22.
V. ELECTROLUMINESCENCE OF 3D ISLANDS
The temperature dependence of the electroluminescence
is shown in Fig. 6. The EL spectra from a single 2003200
mm2 diode are compared with EL from sixteen 50350 mm2
diodes measured with the same current ~therefore the in-
jected current density is the same!. The emission from Ge
islands lies in the range 800–950 meV. A redshift of the
peaks is observed with increasing temperature. In Fig. 6~c!
the curves for 375 A cm22 correspond to the two diodes of
Figs. 6~a! and 6~b!. Other diode combinations are repre-
sented in addition showing a redshift with temperature, too.
The dotted lines in Fig. 6~c! show the temperature variation
of the band gap for bulk GexSi12x for two Ge concentrations
~from Braunstein et al.28!. Comparing the experimental red-
shift of the electroluminescence of islands with the tempera-
ture variation of the band gap one can conclude that the
redshift of EL is roughly due to the band gap shrinkage with
temperature. For a detailed understanding of the temperature
dependence of the ground state transition energy numerical
calculations are required.
The current dependence of the EL is shown in Fig. 7. EL
spectra of a single square 100 mm diode are compared with
spectra of an array of 50 mm square diodes but with the same
total area. We see that the EL intensities are comparable, the
current dependence (IEL;Im) has an exponent m;1 and in
both cases there is a blueshift of the EL peak with increasing
injection current. The EL peak position, corresponding to the
diodes of Fig. 7 and of several other diodes, is plotted as a
function of injected current in Fig. 8~a!. All EL peaks reveal
a blueshift with the current. Sample heating is not respon-
sible for this effect, since it would reduce the band gap of GeTABLE III. Island distribution for an uncapped sample ~No. 1608! grown with the same growth rate and total
coverage of 1.3 nm as the diode sample ~No. 1445!; rD-density of domes, rP-density of pyramids.
Pad size
/mm2
Total nr. of
islands in a mesa
rD
/mm22
rP
/mm22
Diameter of
domes/nm
Height of
domes/nm
.108 @108 6 0.4 100–230 15–48
5003500 2703104 10 0.4 110–180 11–31
2003200 423104 10 0.7 100–190 11–35
1003100 113104 10 1.2 100–175 10–33
50350 2.73104 10 1.2 100–170 12–31 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
7279J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Vescan et al.FIG. 4. AFM pictures and size distribution for a large area part of 1 cm2 ~a,b,c! and a 50350 mm2 mesa ~d,e,f!.FIG. 5. TEM cross section along a ^110& direction on a piece cut from a
large area sample. All five islands seen in cross section are dislocation free.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toand Si and produce a redshift, as seen above. A spectral peak
shift results when the lower energy states from Ge islands
become saturated. Because most of the islands have a height
above 10 nm ~the height being the quantum dimension! the
energy level separation is quite small ~,13 meV!. Therefore,
the peaks from the different energy levels are not resolved
and a smooth shift of EL occurs during the band filling. The
shift saturates between 860 and 920 meV depending on cur-
rent and mesa area. But, it seems that this shift is the com-
bined effect of band filling and island distribution. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
7280 J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Vescan et al.FIG. 6. Temperature dependence of EL measured at 150 mA ~the units for the EL intensity are the same for all spectra, including Figs. 7~a! and 7~b!!: ~a!
spectral distribution of electroluminescence of one diode of area 2003200 mm2 and ~b! array of 16 diodes of area 50350 mm2 connected in parallel; ~c! shift
with temperature of the EL peak maximum for different diodes corresponding to different current densities; the dotted lines represent the variation of the band
gap of bulk GexSi12x for a given x ~from Ref. 28!.To understand this behavior in more detail, the data of
Fig. 8~a! were represented in Fig. 8~b! in dependence on the
current divided by the total number of islands in each diode
~see Table III!. This representation reveals a different behav-
ior between small and larger diodes. While the peak position
of all diodes larger than 1003100 mm2 lies on the same
curve, the data of the 50350 mm2 diodes follow a curve at
lower energy, at least below a certain current.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toHowever, the representation in Fig. 8~b! has to be con-
sidered critically. The current is not expected to flow only
through islands. A part, and probably a remarkable part of it
flows between the islands. Therefore, the current through one
island must be smaller than the current given in Fig. 8~b!.
The coverage with islands is quite small ~;20%! both for the
larger diodes as well as for the smaller ones. If we take this
into consideration there will be a shift of all curves to lowerFIG. 7. Spectral distribution of electroluminescence of diodes with the same total area measured at different currents at 125 K. ~a! one diode of area 1003100
mm2 and ~b! array of four diodes of area 50350 mm2 connected in parallel. AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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diodes remains. Another aspect is the current through the
facets, whose contribution increases by decreasing the diode
area, as discussed in Sec. III. Figure 3~a! shows that the
current through facets increases the total current by approxi-
mately, 10 times at 0.25 V, but at higher voltages, as seen in
Fig. 3~b! this ‘‘loss’’ of current through the facets is dimin-
ished. However, as the electroluminescence was measured at
currents >10 mA, the influence of current loss through fac-
ets can be neglected. Therefore, the current through facets
cannot be responsible for the different behavior of the EL
peak of the large and small diodes in Fig. 8~b!. Another
cause could be the different microstructure of the islands in
large and small mesas.
The interpretation is not straightforward owing to the
possible influence of the mesa size on the strain state and the
Si content of Ge islands of uncapped and capped islands.
These are still matters of research and debate. It is obvious
that the formation of 3D islands allows the reduction of
strain energy in the Ge layer and therefore the islands are at
least partially relaxed.18,29–32 From the measurement of in-
plane strain in coherent Ge islands on Si~001! by TEM after
deposition of 11 ML Ge at 600 °C by CVD using GeH4 it
was deduced that no significant in-diffusion of Si has oc-
cured and that a strain relaxation of the island of up to 84%
has taken place.30 Other authors report of a Si content of
40% in capped islands deposited at 750 °C.33
FIG. 8. Shift of the EL peak maximum with ~a! current and ~b! with current
divided by the number of islands in a diode.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject toNow, we try to explain the lowest values of peak posi-
tion in Fig. 8~b!, the value of 840 meV for the large diodes
and 807 meV for the small diodes. These values represent
upper limits for the ground state transition energy. Assuming
that the difference in these energies is entirely due to a dif-
ferent content of Si in large and small diodes we evaluated
the EL peak position with the following assumptions: ~1! the
islands are completely relaxed, ~2! the island height is >10
nm ~we neglect pyramids, as their density is lower than 10%
in all mesas!, and ~3! the band offset at conduction band is
zero. For the effective mass of holes for unstrained Si12xGex
we used the formula34 mhh50.290720.09021x
10.00552x2. Other parameters are: Band gap of Si at 125 K:
1153 meV, and band gap of relaxed Si12xGex from Franz
et al.35 The peak position is defined as the sum of band gap
in the island and the confinement energy of holes for differ-
ent Ge concentrations. The binding energy of excitons was
neglected. The result is that the peak energy of 807 meV
corresponds to a Si content of 8%, while for the peak energy
of 840 meV we find a Si content of 10%. It results that the
in-diffusion of Si into dome islands on large mesas is stron-
ger than on small mesas. If we make a similar discussion
assuming that there is no Si in-diffusion at all, but the strain
state of islands depends on the mesa area we arrive to the
conclusion that the domes on larger areas are stronger re-
laxed than the domes on small areas.
Concerning the EL intensity the general observation is
that small area diodes emit 2–3 times more light. Figure 6~a!
and 6~b! illustrates this statement for 50350 and 2003200
mm2 diodes. The units for the EL intensity are the same in
Fig. 6~a! and 6~b!. A correct comparison implies the same
current density, therefore for the small diodes an array of 16
diodes was chosen. We see that small area diodes emit at
least 2 times more light. As the emission is supposed to take
place in the islands ~because there is no signal from the wet-
ting layer! one reason for this result is that in small area
diodes the recombination on deep centers ~Shockley–Hall–
Reed recombination! is lower, probably due to the lower
total number of defects in the islands. One of the best diodes
were single 50350 mm2 mesas with a constant emission up
to 170 K, an activation energy of 100 meV, and an external
quantum efficiency of 1.1026 at 300 K and l51.4 mm. The
low efficiency at room temperature must be due to the loss of
holes by the lateral diffusion into the wetting layer and then
thermalization from the wetting layer. The density of islands
was shown to be low, therefore carriers in the wetting layer
have time enough to escape from the Ge layer before being
trapped in another island.
VI. CONCLUSIONS
We have investigated the electroluminescence of self-
assembled Ge islands ~mainly domes! as a function of injec-
tion current, temperature, and mesa area. The diodes were
realized by selective epitaxy on patterned wafers with vari-
able geometry. We have shown that deposition on areas of
the order of the diffusion length of Ge adatoms influences
size distribution. The distribution becomes narrower when
the deposited area is reduced. Therefore, deposition on lim- AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
7282 J. Appl. Phys., Vol. 87, No. 10, 15 May 2000 Vescan et al.ited areas are more suitable for applications where unifor-
mity is required. The results evidence a correlation between
island distribution and electroluminescence. Incorporation of
the island layer deeper into the p-i-n junction could prevent
loss of current in the facet region. Also, elimination of the
wetting layer might improve the room-temperature EL effi-
ciency.
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